Introduction 40 Cetaceans are mammals that transitioned from a terrestrial to an aquatic lifestyle 41 approximately 53-56 million years ago by adapting their anatomical structure, physiology and 42 metabolism. These critical morphological and physiological adaptations ensured the 43 maintenance of body temperature and energy reserves (Parry, 1949; Scholander, Walters, 44 Hock, & Irving, 1950) . For example, this included a thickening of the blubber (i.e. adipose 45 tissue equivalent) to provide thermal insulation, to deal with more sporadic foraging 46 opportunities, and to support locomotion (Vasseur & Yodzis, 2004; T M Williams, Friedl, & 47 Haun, 1993; Terrie M. Williams, Haun, Davis, Fuiman, & Kohin, 2001) . Crucially, these 48 adaptations impact the ways in which individuals decide to invest in reproduction and define 49 their abilities to survive under varied environmental pressures, in particular nutrient 50 availability. Human-caused perturbations, such as shipping, tourism, naval activities, coastal 51 urbanization and offshore energy development, can perturb environmental nutrient levels 52 and affect cetacean foraging abilities. These factors are becoming a pervasive and prevalent 53 threat to many cetacean species (Pirotta et al., 2018) and are a key priority in cetacean 54 conservation policy (eg. National Academies of Sciences, Engineering, 2017) . 55 Cetaceans detect fluctuations in environmental nutrient levels by nutrient sensing 56 pathways and some of these are evolutionary conserved across species (Chantranupong, 57 Wolfson, & Sabatini, 2015) . These pathways detect intracellular and extracellular levels of 58 sugar, amino acids and lipids and their surrogate metabolites. Nutrients can trigger the 59 release of several hormones, which induce coherent responses in several pathways involved 60 in regulating metabolism. Unsurprisingly, a large portion of positively selected genes in 61 cetaceans are involved in energy metabolism (Nery, González, & Opazo, 2013) . Bottlenose 62 dolphins (Tursiops truncatus) show insulin resistance likely caused by early metabolic shifts in 63 substrate utilization as the species shifted from a terrestrial high carbohydrate diet to a 64 marine high protein diet (Wang et al., 2016) . Dolphin diet has a high fat and protein content 65 and is almost devoid of carbohydrates (Wells et al., 2013) . Fasted healthy bottlenose dolphins 66 (Tursiops truncatus) have elevated fasting plasma glucose concentration that are similar to 67 diabetic humans (S. Venn-Watson, Carlin, & Ridgway, 2011; S. K. Venn-Watson & Ridgway, 68 2007).. During fasting, metabolism is believed to be primarily fueled by large adipose stores 69 (i.e. blubber) that are mobilized in response to insulin suppression (Duncan, Ahmadian, 70 Jaworski, Sarkadi-Nagy, & Sul, 2007) . 71 This fasting response is expected to take place when foraging is disrupted in the wild by 72 human activities. Regulatory genes related to lipolysis are positively selected in cetacean-73 specific lineages but not in terrestrial mammals (Wang et al., 2015) . Specifically, genes related 74 to triacylglycerol (TAG) metabolism were suggested to play an essential role in the secondary 75 adaption of cetaceans to aquatic life (Wang et al., 2015) . The processes of lipid deposition 76 and utilization is regulated by the gene leptin (LEP) (Duncan et al., 2007) . Recent work shows 77 that in bowhead whales (Balaena mysticetus) and belugas (Delphinapterus leucas), the 78 regulation of LEP and lipolysis is adapted to seasonal cycles of blubber deposition and 79 utilization (Ball et al., 2017) . Although adipose tissue biology of terrestrial mammals show a 80 similarity to the functioning of cetacean blubber, some differences in key genes have been 81 identified (Ball et al., 2017) . These changes have therefore the scope to alter the way 82 individual take biological decisions about demographic contributions, particularly 83 reproduction, given their energetic metabolic state. We need to place gene selection in the 84 context of the biological pathways in which they are involved to contextualize those changes 85 and understand the potential demographic consequences of foraging disruption when the 86 environmental nutrient levels of cetaceans are perturbed. Here, we aimed to determine 87 whether the selective pressure from secondary adaptations to life in water led to a change in 88 the key nutrient signaling pathways. We aim to predict whether these changes are likely to 89 affect biological functions.
90

Material and Methods
91
To understand the evolutionary-driven changes in the regulation of metabolic 92 processes in cetaceans, we took a targeted approach and focused on 6 signaling pathways: 93 the p53 signaling pathway, the insulin signaling pathway, the mTOR signaling pathway, the 94 leptin signaling pathway, the NF-ĸB signaling pathway and the SIRT signaling pathway. A total 95 of 532 genes involved in these pathways were obtained from the Kyoto Encyclopedia of Genes 96 and Genomes (KEGG) website (http://www.genome.jp/kegg/) and from the Ingenuity 97 Pathway Analysis (IPA) program (version 2000 -2019 .
99
Analysis of positive gene selection and amino-acid substitutions 100 We obtained the full amino-acid sequences from 532 human KEGG proteins included in our 101 pathways of interest and downloaded from NCBI the genome assemblies of human, mouse, 16 102 cetacean species and 37 artiodactyl species (Table S1 ). We aligned the KEGG proteins to all 103 genomes using EXONERATE 2.2.0 (Slater & Birney, 2005) with the protein2genome model to 104 allow for spliced alignments across introns. For each genome, the single match with the 105 highest alignment score was retained and the nucleotide sequence of the match was 106 extracted. If multiple best matches with the same score were present, one match was chosen 107 at random. Sequences were codon-aligned with guidance from corresponding amino-acid 108 alignments and allowing for frame-shifts using MACSE 2.03 (Ranwez, Douzery, Cambon, We then examined whether the amino-acid substitutions in the cetacean lineage at these 135 sites would have detrimental effects on the function of the protein using PROVEAN 1.1.5 (Choi, 136 Sims, Murphy, Miller, & Chan, 2012) . For each protein, the Homo sapiens sequence was used 137 as the reference sequence, and the single most frequent alternative amino acid observed 138 among the 16 cetacean genomes was queried.
140
Pathway level comparison 141 The value of statistically significant likelihood-ratio test statistics (2ΔL) between the 142 positive and neutral branch-models were used as a measure to visualize the interactions of 143 the positive gene selection at a pathway level using IPA signaling pathways for each of the 144 target pathway (version 2000-2019, Ingenuity Systems, www.ingenuity.com). IPA did not 145 have a prebuilt sirtuin signaling pathway. We therefore manually constructed this pathway 146 based on the summarized data by Nakagawa and Guarente (2011) 
Results
156
Strength of selective pressure on genes involved in nutrient sensing pathways 157 The species tree inferred from all gene trees (Fig 1) was consistent with published 158 cetacean and artiodactylan phylogenies (Zurano et al., 2019) . Alignment-wide ω estimates 159 from the PAML null models were <1 for all but one gene (median: 0.08; mean: 0.12), 160 consistent with a baseline of strong purifying selection on protein function across all taxa and 161 all codons (Fig 2A) . Contrasting the cetacean group with all other taxa using branch models 162 revealed that 224 out of 532 genes (42.1 %) departed significantly (q ≤ 0.05) from neutral 163 codon evolution (ω ≠ 1), but all of these genes were under purifying selection (ω <1) instead 164 of positive selection (ω >1). Only seven genes were candidates for positive selection (ω >1), 165 but none of these estimates were significant ( Fig 2B) . In contrast, branch-site models revealed Positive gene selection at the pathway level 186 We then visualized the interactions of the positive gene selection at a pathway level 187 using IPA signaling pathways. Insulin signaling ( Fig S1, Table S2 ), mTOR signaling ( Fig S2, Table   188 S3), NF-ĸB signaling ( Fig S3, Table S4 ) and SIRT signaling ( Fig S4, Table S5 ) were found to be 189 positively selected, especially those related to glucose metabolism and inflammation. Genes Table S6 ) and leptin signaling ( Fig S6, Table S7 ). 195 Using the BEB method in PAML, a total of 1936 codons among the 133 genes positively 196 selected in the cetacean lineage (mean 14.78 codons per gene) were under positive selection. 197 The predicted functional effects of the amino-acid substitutions in cetacea were 198 predominantly deleterious (median provean score: -2.9) and only 8.5 % of substitutions had 199 a positive score (Fig 3) . These deleterious effects were likely to impact the way biological processes function. 206 Unsurprisingly, glucose metabolism is expected to be altered with changes in insulin signaling 207 (Fig 4) , SIRT3 signaling with downstream regulation of insulin sensitivity, PPARA signaling with 208 downstream regulation of gluconeogenesis and oxidation of fatty acids ( Fig 5) . In addition, we 209 expect changes in upstream signaling of inflammation, hypoxia and cell survival via SIRT6, 210 RB1, NFKB and HIF1a ( Fig 5&6) . Importantly, both the mTOR complexes and its upstream and 211 downstream genes were estimated to be changed (Fig 7) . The changes would have effects on selection of those mechanisms with cetaceans. We indeed identified deleterious changes to 270 the insulin signaling pathway, including the Akt protein signaling kinase (Akt) and PI3K. 271 Damage to this pathway in various tissues has been linked to insulin resistance (Huang, Liu, 272 Guo, & Su, 2018). The three Akt isoforms have differential physiological functions but loss of 273 function in one isoform is compensated by another. Both Akt2 -/and Akt3 -/mice exhibit 274 severe glucose and insulin resistance (Dummler et al., 2006) . Interestingly the Akt 275 phosphorylation at Ser473, which is required for its full activation, is accomplished by 276 mTORC2 (Oh & Jacinto, 2011; Sarbassov, Guertin, Ali, & Sabatini, 2005) . Both mTORC1 and 277 mTORC2 were positively selected in the cetacean lineage to a point where we cannot expect 278 them to function in the same way as in terrestrial mammals. In addition to PI3K/AKT signaling, 279 PPARα was also positively selected. Activation of the PPARα isoform leads to improved lipid 280 and carbohydrate profile and to reduced inflammation (Moller & Berger, 2003) . It's anti- 281 inflammatory properties have been linked to the suppression of NF-κB (Fuentes, Guzmán-282 Jofre, Moore-Carrasco, & Palomo, 2013). However, PPARα is predominantly involved in 283 cellular uptake, activation and β-oxidation of fatty acids (Moller & Berger, 2003) . PPARα -/-284 mice exposed to long-term high fat diet remained normoglycemic and normoinsulinemic 285 despite having high adiposity while the wild type developed hyperinsulemia. In addition, 286 glucose and insulin tolerance test indicated that high-fat-fed wild type developed insulin 287 resistance over time while the PPARα -/remained unchanged (Guerre-Millo et al., 2001) . 288 Hence in absence of PPARα, the increase in adiposity as a result of a high fat diet does not 289 lead to insulin resistance. Interestingly, when dolphins were fed a big meal of fish, they do 290 show signs of insulin resistant (Venn-Watson et al., 2011) . However, when just fed dextrose 291 and water they showed an insulin-deficient response (S. Venn-Watson et al., 2013) . This 292 response to glucose is similar to the GTT test of the PPARα -/mice. Hence key genes such as 293 PPARα, AKT and PI3K in the insulin signaling pathway may be positively selected as an evolutionary driver for insulin resistance and to switch between type 2 and type 1 diabetes 295 like states (S. Venn-Watson, 2014). 296 Maintaining adiposity can have negative consequences for survival in terrestrial 297 mammals. We know that a large volume of adipose tissue triggers inflammatory responses in 298 a range of species and can lead to metabolic dysfunctions at a physiological level (e.g. insulin 299 resistance) (Mantovani, Sozzani, Locati, Allavena, & Sica, 2002) . NF-ĸB is involved in the 300 molecular signaling of hypoxia during adipose tissue expansion and triggers these 301 inflammatory responses (Ye, Gao, Yin, & He, 2007) . As the inflammatory function of NF-ĸB is 302 linked to fat mass, the high level of adiposity in cetaceans would lead to chronic inflammation. 303 The thickened blubber of cetaceans is a result of the secondary adaptation to life in water and 304 hence selective pressure in this pathway may be a way to reduce intrinsic tissue inflammation. 305 Here we found that key genes in the NF-ĸB signaling pathway were positively selected 306 inhibitor of nuclear factor kappa B kinase subunit beta (IKKβ) and IKKα. Mice that have the 307 inflammatory pathway of NF-ĸB disabled (IKKβ knockout) are more insulin sensitive and are 308 partially protected from high fat diet induced glucose intolerance and hyperinsulinemia 309 (Arkan et al., 2005) . In addition, the gene regulation of receptor interacting serine/threonine 310 kinase 1 (RIPK1) was also positively selected and its associated amino acid sequence changed 311 drastically compared to the outgroups. RIPK1 has a downstream effect on IKKα and IKKβ, and 312 hence may influence the signaling in this pathway. The IKK complex has a NF-ĸB independent 313 role in the protection of cells from RIPK-dependent death downstream from the tumor 314 necrosis factor rector (TNFR1) (Dondelinger et al., 2015) . Cetaceans do have a fully 315 functioning immune and endocrine responses and these are highly dependent on the 316 environment (e.g. pathogens, pollution and noise) (Fair & Becker, 2000; Fair et al., 2017) . For 317 example transcripts encoding pro-inflammatory cytokines were significantly lower in 318 managed-care dolphins compared to free-ranging dolphins (Fair et al., 2017) . A greater 319 understanding of tissue specific inflammatory responses is needed and may provide valuable 320 insights into how inflammatory responses are regulated in regards to the high adiposity in 321 these healthy but "obese" mammals, during periods of diving and environmental fluctuation. 322 Finally, most components in the mTOR pathway were positively selected including 323 both of its complexes (mTORC1 and mTORC2). mTORC1 regulates processes related to growth 324 and differentiation while mTORC2 plays a regulatory role in the insulin cascade (Lamming et 325 al., 2012) . mTOR is primarily involved in immune response and sensing nutrient availability. 326 As elevated mTOR leads to increased hepatic gluconeogenesis and reduced glucose uptake 327 by muscles, it is maybe not surprising that several components in the mTOR pathway are 328 significantly changed in cetaceans. Especially as mTOR is involved in nutrient sensing. As , 50(12), 2809-2814. doi:10.2337/diabetes.50.12.2809 410 Huang, X., Liu, G., Guo, J., & Su, Z. (2018) . The PI3K/AKT pathway in obesity and type 2 411 diabetes. International Journal of Biological Sciences, 14(11) , 1483-1496. Biology, 179, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Williams, T. M., Haun, J., Davis, R. W., Fuiman, L. A., & Kohin, S. (2001) . A killer appetite: 497 Metabolic consequences of carnivory in marine mammals. In Comparative Biochemistry 498 and Physiology -A Molecular and Integrative Physiology (Vol. 129, . 551   Table S1 . The genome assemblies of human, mouse, 16 cetacean species and 37 artiodactyl species downloaded from NCBI.
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